We examined the distribution and the immunohistochemical localization of yieldin in etiolated cowpea seedlings with an anti-yieldin antibody. An immunoblotting analysis revealed that the yieldin was located in the aerial organs (plumule, epicotyl and hypocotyl) but not in the roots. The intensity of the yieldin signal in the hypocotyls was highest in the apical pre-elongation region (the hook region) and decreased toward the elongated mature base indicating that the yieldin disappeared with the ceasing of cell elongation. Tissue-print immunoblotting analysis using hypocotyls in different germination stages supports this view because the apical yieldin-rich regions, just beneath the cotyledonary node (the hook and rapidly elongating regions), acropetally migrated together with hypocotyl elongation. Immunohistochemical microscopy demonstrated that yieldin was localized in the cell walls of the cortex and epidermis of the germ axes. The present results are consistent with the view that yieldin participates in the regulation of cell wall yielding during elongation growth.
Introduction
Many physiological studies (e.g. Rayle and Cleland 1992) support the acid growth theory for auxin action proposing wall loosening by auxin-induced secretion of protons into the cell wall (Hager et al. 1971, Rayle and Cleland 1970) . Several enzymes activated under acidic conditions have been proposed as a possible candidate for a wall-loosening factor that disrupts or rearranges wall architecture in acidic conditions (Hayashi et al. 1984 , Labrador and Nicolas 1985 , Fry 1989 , Nishitani and Tominaga 1992 . At present, expansins originally isolated from the cell walls of cucumber hypocotyls (McQueen-Mason et al. 1992 ) are considered to be an indisputable candidate for a wall loosening factor, which increases the wall extensibility by disrupting hydrogen bonds between cellulose microfibrils and hemicellulose Cosgrove 1994, Cosgrove 2000) .
The relationship between cell elongation and wall yielding is described as the following equation (Lockhart 1965) .
where v is the relative growth rate; . is the extensibility of the cell wall; Y is the yield threshold of the cell wall; P is the turgor pressure; (P -Y ) is the effective turgor. Equation (1) indicates that the yield threshold (Y ) as well as the wall extensibility (. ) could contribute to the regulation of elongation. A series of in vivo studies using cowpea hypocotyl segments revealed that not only . but also the effective turgor (P -Y ) increased during both auxin-induced (Okamoto et al. 1989 , Okamoto et al. 1990 , Nakahori et al. 1991 ) and acid-induced (Mizuno et al. 1993 ) growth promotion. In addition, we also found growth regulation by only the adjustment of the effective turgor , Kitamura et al. 1998 . In all cases, it was not P but Y that caused the altering of the effective turgor (Nakahori et al. 1991 , Mizuno et al. 1993 , Kitamura 1999 ). There also have been several reports on growth regulation by Y-adjustment in other plants and organs (Frensch and Hsiao 1994 , Frensch and Hsiao 1995 , Maruyama and Boyer 1994 , Hsiao et al. 1998 . In vitro studies using glycerinated hollow cylinders (GHCs) of cowpea hypocotyls led to the same conclusion (Okamoto and Okamoto 1994) . In addition, it was suggested that two different wall proteins adjusted the wall extensibility (B ) and the yield threshold tension ( y) of GHCs independently during the extension of the GHCs .
Purified wall bound proteins (a mixture of 30 and 32 kDa proteins) named yieldins fully restored the acid-induced change in the y of heat-inactivated GHCs under tension, resulting in the promotion of wall extension under acidic conditions (Okamoto-Nakazato et al. 2000a ). The cDNA of yieldin was homologous to those of acidic class III endochitinase and concanavalin B being entirely different from the expansins, and recombinant yieldin was found to possess the yieldin activity (Okamoto-Nakazato et al. 2000b) . Northern blotting analysis showed strong expression of the yieldin mRNA in the rapidly elongating region of hypocotyls and its gradual decrease towards the mature base region (Okamoto-Nakazato et al. 2000b) . However, the distribution of yieldin proteins within the tissues is not yet known.
To study the chronological and spatial localization of yieldin within growing cowpea hypocotyls, we carried out immunochemical and immunofluorescence microscopic analyses on etiolated cowpea seedlings. The present results support the view that yieldin plays important roles in the regulation of elongation growth by altering the yield threshold (Katou and Okamoto 1992 , Okamoto-Nakazato et al. 2000a , OkamotoNakazato et al. 2000b ).
Results
The SDS-PAGE images of the cell wall proteins extracted from various parts of etiolated cowpea seedlings ( Fig. 1) and their immunoblots stained with the anti-yieldin antiserum are shown in Fig. 2 . Many protein bands were detected in all parts of the etiolated cowpea seedlings (Fig. 2a) . Only one band of 32 kDa was stained with the anti-yieldin antiserum in the plumules, the epicotyls and the hypocotyls (arrow in Fig. 2b ). The concentration of the yieldin was highest in the epicotyls and the hook region of the hypocotyls. In the hypocotyls, the yieldin concentration decreased basipetally from the hook. In the mature region, only a small signal was found. No yieldin epitope was found in the roots and the non-growing cotyledons. There was a weak immunoblot of 28 kDa in the cotyledons (Fig. 2b ) that corresponded to the strongest protein band in Fig.  2a .
The tissue-printing immunoblot of the hypocotyls (Fig. 3 ) showed intense staining of yieldin in the hook region followed by fading towards the basal mature region. An intense signal of yieldin proteins was always found in the region just beneath the cotyledonary node, which expected to rapidly elongate thereafter.
Immunohistochemical analysis showed intense staining of yieldin in the epidermis and the cortex of the epicotyls (Fig. 4a ) and the hook of the hypocotyls (Fig. 4b) . The staining of the cortex gradually diminished from the inner layers of the cortex as the hypocotyl cells elongated (Fig. 4b, e) . The outer half of the cortex was distinctly stained in the rapidly elongating region (Fig. 4c) , but a small yieldin signal was found in only Fig. 1 Etiolated cowpea seedlings (3-day old) were divided into the following eight regions: plumule (P), epicotyl (Ep), cotyledon (C), roots (R), hook (H), rapidly elongating region (RE), moderately elongating region (ME) and mature region (M). The regions of H, RE, ME and M consist of a hypocotyl. In intact 3-day-old cowpea seedlings, the average elongation rates of H, RE, ME and M-region were about 450, 1400, 300 and 35 mm h -1 , respectively (n = 10). several peripheral cell layers of the cortex in the moderately elongating ( Fig. 4d ) and mature ( Fig. 4e) regions. There was no yieldin signal in the stele. In the roots, no yieldin epitope was found either in the tip (Fig. 4f ) or in the base (data not shown). Little staining with the absorbed rabbit IgG ( Fig. 4g ) and little detectable auto-fluoresence ( Fig. 4h ) in the hook under a low magnification indicate that the fluorescent signal thus observed is specific and reliable as an indicator of yieldin localization.
Comparison of the immunofluorescent microscopic image ( Fig. 5a ) with the phase-contrast microscopic image (Fig. 5b ) in the same field indicated that strong yieldin-like signals in the H-region of hypocotyls were observed in the cell walls and the plasmolized cell membranes (Fig. 5a, b) . The latter was also detected but less in control sections stained with absorbed rabbit IgG (Fig. 5c ) or without antibodies (Fig. 5d) . Thus, the signal from the cell walls is thought to be yieldin specific. Most of the signals from the cell membranes may have been generated by auto-fluorescence but the signals other than autofluorescence might have originated from the yieldins which were in the process of secretion from the cytoplasm across the plasma membrane.
Discussion
Plumules, epicotyls and hypocotyls of the examined cowpea seedlings were in the pre-elongation and the elongation stages. Immunoblotting analysis on etiolated cowpea seedlings shows that 32 kDa-yieldin was distributed in these aerial embryonic organs (Fig. 2b) . The concentration of yieldin was highest in the epicotyls and the hook of the hypocotyls, which are expected to elongate thereafter. Hypocotyls in the germination period consist of cells of different elongation activity. The cells are distributed along the germ axis in accord with the elongation activity, i.e. cells in the beginning of elongation in the H-region, rapidly elongating cells in the RE-region, moderately elongating cells in the ME-region and mature elongated cells in the M-region (Fig. 1) . The immunoblots (Fig. 2b) and the images of tissue-printing (Fig. 3) both correspond to the distribution of cell elongation activity. The distribution pattern of the yieldin signal in growing hypocotyls is also consistent with that of the mRNA expression of yieldin, i.e. the expression is strongest in the hook zone (unpublished results) and gradually decreases toward the elongated mature base (Okamoto-Nakazato et al. 2000b) . One of the characteristics of elongating hypocotyls is that the hook and the elongation zone are always located just beneath the cotyledonary node and migrate acropetally with the elongation of hypocotyls (Okamoto 1955, Katou and Okamoto 1992) . The observed migration of the yieldin-rich areas revealed by the tissue-printing analysis accords with the acropetal migration of elongation zone (Fig. 3a-c) .
Immunohistological and immunocytological fluorescence analyses on the cross sections of cowpea seedlings (Fig. 4, 5 ) indicated that yieldin is distributed in the cell walls of the cortex and the epidermis but not in those of the stele. The strong staining in the subepidermal cortex agrees well with reports that the growth-limiting layers of the stem are the epidermal wall layers Yamamoto 1972, Kutschera et al. 1987) .
It is feasible that the epidermal cell wall layers, one of the strong rate limiters of stem elongation, are mainly extended with the force supplied from turgid cells in the cortex. The present results suggest that yieldin plays a crucial role in controlling the apparent driving force (P -Y) for cell wall extension in the stem periphery by affecting the yield threshold of the epidermal and cortical cell walls. Based on this connection, we wonder why there have been only a few reports (Cho and Kende 1998) on the distinct signal of expansin in the elongation limiting epidermal wall layers, but most reports indicate that expansins are mainly located in the xylem or the deep inner tissues of elongating organs (Cho and Kende 1997 , Im et al. 2000 , Zhang and Hasenstein 2000 .
We have shown, using GHCs of cowpea hypocotyls, that yieldin controls the apparent driving force by affecting the yield threshold and plays an essential role in acid-mediated promotion of cell wall yielding (Okamoto-Nakazato et al. A weak immunoblot signal from the 28 kDa protein in lane C in Fig. 2b does not seem to indicate the presence of yieldin in the cotyledon which is a non-growing aged organ supplying nutrients to the embryo. The 28 kDa protein may be a Fig. 4 Histochemical localization of yieldin in cowpea seedlings. The plates except for (f) are the cross-sections of the germ axis (hypocotyl and epicotyl). Ep-region: (a); H-region: (b), (g) and (h); RE-region: (c); ME-region: (d); and M-region: (e). Plate (f) is the longitudinal section of the root tip. The staining was carried out with the purified anti-yieldin rabbit antibody (a-f), with the absorbed rabbit IgG as a control (g) and with no antibody (h). For immunostaining, the specimens were treated with the absorbed antiserum and/or the anti-yieldin antibody at 2 mg of protein ml -1 in TBS containing 1% BSA after 5% BSA-blocking. SS with arrowhead and X in plates show the starch sheath and the xylem, respectively. Bar = 250 mm.
kind of storage protein having a certain conformational similarity to yieldin. The nature and function of this cotyledonous protein, however, remains to be studied.
The yieldin is not detectable in roots (Fig. 2b lane R and Fig. 4f ) despite their high elongation activity. This fact shows a sharp contrast to expansins, which are widely distributed in growing and/or embryonic tissues including roots (Cho and Kende 1998 , Im et al. 2000 , Keller and Cosgrove 1995 , Cosgrove 2000 , Zhang and Hasenstein 2000 . The present findings, however, may not be contradictory because the yield threshold Y in wheat roots has been reported to be too low so that the effective turgor (P -Y ) was approximated as equal to P (Wyn Pritchard 1989, Pritchard et al. 1990 ). In such roots, the Y-adjustment may actually be ineffective in the regulation of wall yielding, and hence, the elongation growth. The same situation may be true in cowpea roots, or it may be possible that, in the roots, there exist regulatory proteins of yield threshold with no epitopes that can react with anti-yieldin antibody. In this connection, further studies are required.
Our present results showed that the yieldin was distributed at the right time and in the right place. This suggests that the subepidermal cortical cells are responsible for the yielding of the surface cell walls that restrict the elongation of aerial organs. The driving force for wall yielding originates from the turgor pressure of the responsible cells. Yieldin in the cortical cell walls may control the transmission of the turgor-derived stress to the surface cell walls. This process could be represented as the regulation of effective turgor, the mechanism of which has not yet been elucidated although some models on the yield threshold have been proposed (Passioura and Fry 1992 , Passioura 1994 , Veytsman and Cosgrove 1998 .
A rapid disappearance of the yieldin signal from the inner cortex with hypocotyl elongation (Fig. 4b-e) suggests that the tissue localization of yieldins is under strict control of gene expression, which accompanies elongation growth. Studies on the control of organ specific (i.e. yieldin does not localize in roots but in aerial organs) or age-dependent gene expression of yieldin might shed some light on the developmental biology of plants.
Materials and Methods

Plant material
Seeds of cowpea (Vigna unguiculata L. cv. kintoki) were soaked in a 0.5 mM CaSO 4 solution for 10 h at 27°C, washed in running tap water for 1 h, and then sown on wet sand. They were grown for 3 d at 27°C in darkness, and seedlings with hypocotyls 60-70 mm long were used.
Preparation and purification of the antibody against yieldin
Polyclonal antibodies against recombinant yieldin were prepared and purified as described previously (Katoh-Semba et al. 1989) . Briefly, the recombinant yieldin was injected at a dose of 0.5 mg per rabbit after mixing with Freund's complete adjuvant of 1.5 times volume. Antiserum against recombinant yieldin was separated from the clot with Sepaclen-A (Eiken Kizai, Tokyo, Japan) by centrifugation.
Crude IgG was fractionated with 50% saturated ammonium sulfate from the antiserum which had been diluted twofold with 0.9% NaCl. Antibodies specific for recombinant yieldin were purified using a column of Sepharose CL-4B coupled with purified yieldin from cowpea hypocotyl. Yieldin-specific antibodies were completely removed from the crude IgG fraction by repeatedly passing it through the column. The resultant non-absorbed IgG was used for control immunostaining. The specificity of the yieldin antibodies was checked by immunoblotting (Katoh-Semba et al. 1997) .
Immunoblotting analysis
For immunoblotting analysis, 3-day-old etiolated cowpea seedlings were divided into eight sections; plumule (P), epicotyl (Ep), cotyledon (C), hook (H), rapidly elongating region (RE), moderately elongating region (ME), mature region (M) and root (R) (H, RE, ME and M consist of a hypocotyl) as shown in Fig. 1 . About 1.5 to 40 g FW of each section was homogenized in 20 mM HEPES-NaOH (pH 7.0) with a blender. The cell wall fraction was collected by filtration using four sheets of gauze, and washed six times with 20 mM HEPES buffer (pH 7.0). To extract the wall-bound protein, the cell wall fraction was suspended in 20 mM HEPES buffer (pH 7.0) containing 1 M NaCl and stirred overnight at 4°C. After centrifugation, the crude wall proteins were concentrated with 3% perchloric acid and then separated by SDS-PAGE using 12.5% acrylamide gels. Following electrophoresis, proteins on the gels were transferred to PVDF membranes in 25 mM Tris and 192 mM glycine (pH 8.3), containing 20% methanol. Electroblotting was carried out at 80 V for 3 h. After electrotransfer, the PVDF membranes were presoaked with TBS (25 mM Tris buffer pH 7.4 containing 137 mM NaCl, 2.7 mM KCl) containing 0.05% Tween 20 (Tween-TBS), and with 5% BSA for 1 h at room temperature, and incubated with the anti-yieldin antiserum (1/5,000 dilution) at 4°C overnight. The membranes were washed three times with Tween-TBS and then incubated with horseradish peroxidase-conjugated goat antirabbit IgG (1/4,000 dilution) for 1 h at room temperature. The immunoreacted proteins were visualized by 0.5 mM 3,3¢-diaminobenzidine and 0.06% (v/v) H 2 O 2 (the stocked H 2 O 2 aqueous solution is about 30% v/v).
Tissue-print immunoblotting
The tissue-print immunoblotting analysis was carried out by essentially the same method as described by Cho and Kende (1997) . Briefly, hypocotyls from cowpea seedlings 1, 2 and 3 d after sowing were longitudinally cut into halves with a razor blade. The hypocotyl section was gently placed on a nitrocellulose membrane (Sigma, CA, U.S.A.) presoaked in 1 M NaCl. After placing four layers of tissue paper and a glass plate (18´18´0.2 cm) on the hypocotyl section, the section was pressed with 400 gw for 30 s. Then the blotted membrane was dried and washed two times with TBS for 15 min. For immunostaining, the blot was blocked with 5% BSA in TBS for 1 h at room temperature and reacted with anti-yieldin rabbit serum (1/5,000 dilution) in TBS containing 1% BSA at 4°C overnight. After washing three times with TBS for 20 min, the blotted membrane was incubated with alkaline phosphatase-conjugated goat anti-rabbit IgG (1/10,000 in TBS containing 1% BSA) (Sigma, CA, U.S.A.) for 1 h at room temperature. The blot was stained with bromochloroindolyl phosphate/ nitro blue tetrazolium. Non-immune rabbit serum (CL1000, Cedaelane, CA, U.S.A.) was used as a control staining. All proteins on the membrane were stained with 10% Ponceau S solution (Sigma, CA, U.S.A.).
Immunohistochemical analysis
Fixation, dehydration and embedding-Cross sections of 3 mm thickness were excised from the middle part of the cotyledon and each hypocotyl segment (C, H, RE, ME and M in Fig. 1) . The sections were vacuum-infiltrated for 15 min´5 times in a fixative of 4% (W/V) paraformaldehide (tissue fixation glade, Wako chemicals, Osaka, Japan) containing 50 mM HEPES buffer pH 7.0 and 60 mM sucrose, and then fixed for 2 h at room temperature. Sections were washed with 50 mM HEPES and 60 mM sucrose (pH 7.0) followed by incubation at 4°C overnight, and subjected to dehydration in a graded ethanol series (50%, 70%, 80%, 90%, 95%´2 and 100%´2). After dehydration, the sections were infiltrated and embedded with Technovit 8100 resin (Heraeus Kultzer, Wehrenheim, Germany).
Immuno-fluorescence microscopic observation-The plant tissues embedded in Technovit 8100 resin were sliced into thin specimens of 2 mm thickness with a rotary microtome (PR-50N, Yamato-koki, Saitama, Japan) using a Histoknife (Heraeus Kultzer, Wehrenheim, Germany). The specimens were placed onto a 3-aminopropyltriethoxy silane-coated glass slide (Matsunami, Osaka, Japan), blocked with 5% BSA in TBS for 1 h at 37°C, and then incubated with the purified antiyieldin antibody in TBS (2 mg antibody ml -1 ) containing 1% BSA overnight at 4°C. The treated specimens were washed with TBS for 1 min, then shaken in TBS for 20 min three times at room temperature. After washing, the specimens were treated with 100-fold diluted FITC-conjugated anti-rabbit IgG goat antibody (Biosource International, CA, U.S.A.) for 2 h at 37°C, and washed with TBS as described above. After that, the specimens were sealed with anti-fader (50% glycerol-TBS containing 1,4-diazabicyclo-[2.2.2] octane 2 mg ml -1 ). The immunoreacted specimens thus prepared were observed with an epi-fluoroscent microscope (BX60, Olympus, Tokyo, Japan). A microscopic image was taken with a cooled colour digital camera (CoolSNAP/OL system, Olympus, Tokyo, Japan) and processed with Photoshop software (Adobe, CA, U.S.A).
